INTRODUCTION
Recent advances in recombinant DNA technologies have greatly enhanced progress in many disciplines including genomic mapping, linkage analysis and evolutionary biology. For example, following the advent of the polymerase chain reaction (PCR) (Saiki et al., 1985; Saiki et al., 1988) , both microsatellites (Litt and Luty, 1989; Tautz, 1989; Weber and May, 1989 ) and the dominantly scored randomly amplified polymorphic DNAs (RAPDs) (Welsh and McClelland, 1990; Williams et al., 1991) provided the ability to generate a new class of DNA marker useful for observing inherited Mendelian segregation and for estimating levels of genetic variation that exist between and within populations. A second class of DNA marker that requires the hybridization of probes to complementary genomic sequences includes restriction fragment length polymorphisms (RFLPs) (Lander and Botstein, 1989) , and fluorescent in situ hybridization (FISH) (Fan et al., 1990; Trask, 1991; Ellegren et al., 1994) . Interestingly, the PCR contributed to RFLP analysis by increasing the ease by which hybridization probes may be constructed. For example, cloned cDNA fragments may be easily amplified by designing primers specific to the vector sequences that flank the insert's cloning site.
RFLPs, which arise through point mutations, inversions, insertions, and deletions, are inherited in a Mendelian fashion as codominant markers and appear to be randomly dispersed throughout most genomes. Although their analysis is technically involved and costly, they have a number of qualities that make them robust, flexible, and genetically informative for map construction. For example, RFLP probes may be composed of either known cloned sequences (i.e., expressed genes), or randomlycloned DNAs of unknown function (e.g., anonymous genes). Furthermore, since the RFLP hybridization probes do not need to have homology to coding sequences, restriction polymorphisms may also be detected in noncoding regions, or regions of repetitive DNA (Botstein et al., 1980) . Since traits of interest are often found to segregate with known molecular DNA markers in a Mendelian fashion, arranged crosses may be rapidly screened for specific polymorphisms.
The domesticated silkworm, Bombyx mori (n =28), has a rich history as an organism used in areas as diverse as commercial sericulture and basic genetic research. Historically, the silkworm has had a major economic impact as the primary organism involved in silk production, and, among insects, is second only to the well-studied fruit fly, Drosophila melanogaster, in detailed mechanistic genetic studies. Presently, the Bombyx genome is second only to Drosophila in its number of mapped morphological and molecular markers (Doira et al., 1992; Shi et al., 1995; Promboon et al., 1995) . Our laboratory, in collaboration with others in the silkworm community, is engaged in the process of constructing a saturated molecular genetic linkage map for B. mori. Our lab has used a random early follicular cDNA library from B. mori as a source for generating genetic mapping probes that recognize polymorphic RFLPs between two of our parental strains, C108 and p50 (Shi et al., 1995) . Briefly, randomly selected clones are screened against digested parental and F1 progeny DNAs. Markers that identify a size polymorphism between the two parental strains are selected for mapping against F2 progeny. During the course of our present Bombyx mapping project, which will be discussed elsewhere, we screened a set of novel cDNA clones against both F2 and backcross progeny and identified what we believe to be polymorphic loci segregating in a Mendelian fashion in our inbred parental C108 line. To our knowledge, this is the first such report describing this phenomenon in silkworms. The existence of these polymorphisms raises interesting questions regarding the evolutionary history of improved strains and it is suggested that laboratories working with this popular race and possibly other closely related Lepidoptera be advised of this condition.
MATERIALS AND METHODS
The B. mori stocks used for this project are maintained in this laboratory. Strains include the parentals C108 and p50, their F1 hybrids and a combination of 29 F2 (F1 x F1) and 31 reciprocal backcross (P/C x C/C, P/C x P/P) progeny. C108 was a kind gift of Dr. Y. Tazima, National Institute of Genetics, Mishima in 1972, and has been maintained in this laboratory by inbreeding small sib populations (average 30-100 larvae per rearing). p50 was a gift of Dr. H. Doira, Institute of Genetic Resources, Kyushu University, Fukuoka, in 1986, and was similarly maintained. During the rearing, the silkworms were fed fresh mulberry leaves [obtained from the University of Rhode Island's East Farm or campus greenhouse]. DNA for the genetic studies was extracted from the posterior silkglands of 3-4 day old fifth instar larvae as previously described (Gautreau et al., 1993; Shi et al., 1995) . Briefly, pairs of posterior silkglands were dissected and ground in 1 ml of warmed extraction buffer (0.5% sarkosyl, 50 mM EDTA, pH 8.0, and 0.5 mg/ml proteinase K) and incubated for 2-3 hours at 50°C. The extract was then subjected to one round of chloroform (chloroform isoamyl alcohol 24:1) and 3 rounds of phenol (0.1% hydroxyquinoline, pH 8.0) extractions. Following a series of two more chloroform extractions, DNA was ethanol precipitated (1/ 2 volume 7.5 M ammonium acetate, 2X volume 100% ethanol), pelleted by centrifugation, and resuspended in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). Once in solution the DNA was further purified by precipitation with 0.1 M spermidine, resuspended in TE buffer and quantified by fluorometry (TKO 100 dedicated mini fluorometer, Hoefer Scientific Instruments).
Ten µg of genomic DNA was digested with an excess (100 -140 units) of EcoRI, HindIII, or PstI restriction enzyme (New England Bio Labs). The digest was allowed to proceed overnight at 37°C to ensure all DNA was cleaved to completion. Following the digest, the DNA was ethanol precipitated, pelleted by centrifugation, rinsed in 70% ethanol, dried under a gentle stream of N 2 gas, and resuspended in 15 µl of TE buffer. The restriction-digested DNA was resolved by overnight gel electrophoresis (0.7% agarose in 1X TAE buffer: 0.04 M Tris-acetate, 0.001 M EDTA, pH 8.0) at 25-30 volts. Prior to Southern blotting, the gel was soaked briefly in 0.25 N HCl followed by 0.5 N NaOH. The DNA fragments were transferred to a nylon membrane (Zeta-Probe GT, Bio-Rad) by capillary action with 10X SSC (1X SSC: 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0) essentially as described by Southern (1975) . Following transfer, the blot was rinsed briefly in 2X SSC, air dried, and baked at 80°C for 1 hour.
Anonymous hybridization probes (designated Rcf's for Random cDNA from follicles) were obtained from a random early follicular cDNA library (donated by N. Spoerel, University of Connecticut Medical Center) which was constructed essentially as described by Sambrook et al., (1989) . The cDNA inserts were cloned into the EcoRI site of the bacteriophage lambda gt11 and amplified for use as hybridizing probes using the polymerase chain reaction (PCR) (Saiki et al., 1985; Saiki et al., 1988) . For amplification, 25 µl of the phage lysate was removed and denatured at 95°C for 5 min using a PTC-100 thermal cycler (MJ Research, Inc. (Promega) . Amplification was performed for 1 cycle of denaturation at 94°C for 2 min, annealing at 58°C for 90 sec, and extension at 74°C for 90 sec. This was followed by 30 cycles of denaturation at 92°C for 1 min, annealing at 58°C for 90 sec, and extension at 72°C for 2 min. A final extension was carried out at 72°C for 7 min. Amplified inserts were ethanol precipitated, quantified with a fluorometer (Hoeffer) and diluted to 10 ng/µl in 10:1 TE buffer.
Prior to use as RFLP hybridization probes, the amplified inserts were screened using the slot blot procedure (Erlich et al., 1986) . The function of this technique was to identify and eliminate probes complementary to highly repeated sequences (i.e., > 1000 copies in the genome) and multicopy (10-100 copies) gene families, as well as known single copy genes whose expression is common to the developmental stage from which this cDNA library was constructed. For example, sequences related to the multicopy chorion (eggshell) genes (Nadel et al., 1980) , as well as egg specific protein (ESP) (Sato and Yamashita, 1991) , and ribosomal DNA, are known to be especially abundant in the cDNA library (Goldsmith and Shi, 1993) due to their high levels of expression in the follicular cells from which the library was derived or in the case of the rDNAs as contamination during construction of the library (M. Goldsmith, unpublished results). Unique copy inserts that failed to hybridize to these blots were selected to be screened against parental and F1 genomic Southern blots. Subsequently, only single or low copy number sequences that detected polymorphisms on these blots were chosen as hybridization probes for genetic segregation analysis.
Hybridized slot blot and RFLP marker bands were visualized using the ECL (Amersham) nonradioactive chemiluminescent detection system (Heslop-Harrison et al., 1990; Pollard-Knight et al., 1990) following instructions of the manufacturer with minor modifications (J. Shi, personal communication). The hybridization was carried out overnight at 42°C with gentle agitation and then treated with equal volumes of the chemiluminescent detection reagents (Amersham) and exposed to Hyperfilm-ECL luminescence detection film (Amersham) for 1 hour. Blots were successfully reused up to 20 times.
RESULTS
For several years our laboratory has screened an early follicular cDNA library from B. mori to identify random RFLP hybridization probes for use as genetic mapping markers. A recent screening of this library produced 19 novel cDNA-based probes that clearly demonstrated codominant RFLP patterns when hybridized to Southern (Fig. 1A) , while the remaining 3 Rcf probes (471, 472, and 510) shared additional banding fragments such as a single monomorphic band or other low copy number sequences as shown by Rcf 471 (Fig. 1B) . In contrast to the SPPs, 12 (63%) of the Rcf probes were designated as showing a 'complex' polymorphic pattern (CPP). This was characterized by a number of segregating banding patterns. Two classes of CPPs were observed: class II, showing multiple banding patterns that clearly contained an evident polymorphism suitable for scoring as either C, P, or F (the P/C F1 hybrid) (Fig. 1C) and class I, a polymorphic pat- tern that contained an additional or third allele not immediately recognized as a parental C or P band when analyzed in the progeny (see below). The emphasis of this report will concern the class I complex polymorphic patterns.
The class I CPPs proved to be an unexpected find and were the impetus behind initiating a characterization of our probe cDNA library. All 8 probes represented by this class (Table 1) were identified as belonging exclusively to the P/C x C/C backcross progeny, suggesting that the potential source of this allelic variation was specific to the parental C108 strain. The Rcf probes that produced patterns suggestive of an additional allele included 372, 434, 438, 483, 516, and also 360, 432, and 427, which also share qualities of the class II CPPs. These probes, when hybridized to both the P/C x P/P backcross and F2 blots, produced the expected banding pattern (i.e., simple or low copy polymorphisms) identified from their respective parental/F1 blots. Because the blots were hybridized a number of times against the various probes, all blots producing new allelic patterns were compared to their previous Rcf hybridization patterns to ensure that 'bleeding' of old bands was not producing a false interpretation of the current scoring.
The Rcf probes, 360 and 434, initially gave the simplest patterns for explaining the observed results in terms of heterozygous alleles derived from the C108 parent. When screened against the initial parental/F1 blotted DNAs, Rcf 360 detected 2 distinct but similarly scored polymorphic bands after digestion with EcoRI and HindIII; however, the lower molecular weight (MW) polymorphism with the HindIII digest was very faint. When Rcf 360 was later screened against the EcoRI digested P/C x C/C DNAs, the lower MW polymorphism revealed the expected backcross pattern (C or F); however, the upper MW polymorphism revealed a distinct doublet comprised of the originally scored C phenotype and a second slightly lower MW band. This doublet was not present when the P phenotype was scored, which allowed for unambiguous scoring of the hybrid F phenotype (Fig. 2A) .
When digested with the restriction enzyme HindIII, the same P/C x C/C progeny again expressed the extra allele doublet in the samples scored as C (i.e., in the absence of the expressed P phenotype) (Fig. 2B) . Also, the progeny scores (as C or F) were identical, as expected, for Rcf 360 with both the EcoRI and HindIII digested DNAs. By scoring the doublets as C and progeny segregating both P and C as F, linkage was detected between Rcf's 360 and 479. This scoring was later confirmed when this linkage group (Rcfs 360/479) was tested in both the P/C x P/P backcross and F2 progeny. The basis for assigning genetic linkage between a pair of Rcf probes relied on the observance of identical inheritance patterns between 2 or more probes within the described mapping populations and will be presented further elsewhere. A similar strategy to that of Rcf 360 was followed when characterizing Rcf 434. Because the PstI digested P/C x C/C DNAs scored similarly to the original parental/F1 blot, but the same Fig. 2 . Autoradiographs illustrating class I complex polymorphic patterns characterized as identifying an extra allele when hybridized to P/C x C/C backcross DNAs (10µg/lane). These segregation patterns would be expected from a PC 2 x C 1 C 1 backcross mating (see Table  2 ). Panel A, Rcf 360 hybridized to EcoRI digested backcross DNAs. Panel B, Rcf 360 hybridized to backcross HindIII digested DNAs. Table 2 . Theorized P/C x C/C backcross mating arrangements which account for the presence of an extra C-specific allele.
Backcross Mating Expected Progeny Scored As Classes
individuals digested with EcoRI produced the extra allele, it suggested that hybrid F offspring inherited the originally expected P and C bands whereas only those scored as the C phenotype expressed the doublet. Another useful strategy while scoring inheritance patterns was to compare the molecular weights of the observed bands to the size standard bacteriophage lambda HindIII. For instance, with Rcf 434, the 'extra allele' was evident because of its higher molecular weight than either the C or P bands scored earlier on the parental/F1 blot (not shown). These results are interesting because they suggest that the parental strain C108 is not homozygous at all loci and not as genetically inbred as originally thought. A genetic model is presented in Table 2 diagramming crosses that predict observed patterns expressing an "extra" allele. Briefly, it shows the p50 strain as being homozygous at all loci thus far examined and containing 2 copies of the P allele while C108 may possess 2 different alleles at this locus designated as C 1 and C 2 . Because C108 is known as an 'improved' strain, meaning that it has a history of matings between the most viable or productive progeny from a series of hybrid crosses selected for traits of economic interest, C108 has had more opportunity to acquire and maintain low levels of genetic variation than the p50 parental populations. Using this notation, if we return to Rcf 360 in Fig. 2 , it is observed that the uppermost band is scored as a P allele and the lower bands show either the doublet comprised of the two C 1 and C 2 alleles or the homozygous C 1 C 1 allele.
Each individual for this cross may therefore be classified as having inherited either a PC 1 or C 1 C 2 pair of alleles from this locus which would result directly from the PC 2 x C 1 C 1 backcross mating (Table 2) . A similar strategy was employed while scoring Rcf 434. In this case, however, the allele pairs C 1 C 2 and PC 2 were segregated, which may be explained by the backcross mating PC 1 x C 2 C 2 ( Table 2 ).
The P/C x C/C patterns produced by the Rcf probes, 372, 432, 438, and 516, were initially more difficult to characterize and classify, but using the presented model and resulting strategies acquired from the interpretations of Rcf's 360 and 434, they were also shown to fit the 'extra allele' model. The initial problem presented by these 4 probes was the apparent presence of a homozygous P phenotype when hybridized to the backcrossed P/C x C/C DNAs. As an example, we will discuss the observed patterns and strategy used for interpreting and scoring Rcf 516. A similar approach for classification was applied to Rcf's 372, 432, and 483 for their final characterization. When Rcf 516 was first hybridized to the parental/F1 blot, a single easily scored polymorphism was scored with both EcoRI and HindIII digested DNAs (data not shown). However, when Rcf 516 was probed against P/C x C/C DNAs digested with the restriction enzyme EcoRI, the initial scoring assigned an upper homozygous P (Fig.  3A , left 2 lanes) and heterozygous F phenotypes (Fig. 3A , right 2 lanes). Subsequent examination of this autoradiogram revealed the uppermost band to be of higher molecular weight than the uppermost P band on its parental/ F1 blot. Also, the band initially scored as P was significantly more intense than the putative heterozygous F bands and more closely resembled a poorly separated doublet. The HindIII blot for Rcf 516 further complicated this analysis by producing homozygous C bands for individuals where putative F phenotypes were originally scored on the EcoRI digest (Fig. 3B, right 2 lanes) . By applying the heterozygous C allele model for scoring these progeny, we see that in the EcoRI digest (Fig. 3A) the C 2 allele migrates just below P giving an F doublet, and C 1 migrates as the single lower band. Therefore, a C individual has inherited the C 1 C 2 alleles while the F has inherited the PC 2 alleles. These segregation patterns would be expected by either PC 2 x C 1 C 2 or PC 1 x C 1 C 2 matings for this locus (Table 2 ). This scoring strategy was further supported following the observance of genetic linkage between Rcf's 516 and 483 in our F2 and P/C x C/ C and P/C x P/P backcross mapping populations. Another interesting pattern was produced by Rcf 427. This probe, which detects two similarly scored polymorphic bands against HindIII digested backcross and F2 progeny, reveals an extra allele only on the upper polymorphic band when screened against the P/C x C/C progeny (Fig. 4) . This additional allele was initially thought to segregate independently, but it is now more plausible that this band is a second C specific allele. With the P/C x C/C progeny, the upper set of polymorphic bands provides evidence for 4 classes of segregating allelic pairs: C 1 C 1 , C 1 C 2 , C 1 P, and C 2 P. Table 2 shows that these classes are expected from the PC 1 x C 1 C 2 backcross mating. Because of the faintness of the lower polymorphic bands, they could not be reliably scored. One remaining probe, Rcf 438, was the most difficult of the class I CPPs to interpret. When first screened against the parental/F1 blot, it identified polymorphic bands migrating with the top fragment of the lambda marker as shown in Fig. 5A . When later screened against backcrossed PstI digested P/C x C/C DNAs, the C and P bands expected from the parental/F1 blot were present; however, hybrid F phenotypes were not initially observed. Instead, all progeny showed an extra smaller molecular weight band. If scored as an extra C band, two classes of progeny comprising the F hybrid and C doublet could be distinguished. We believe that the uppermost fragment is a C 2 allele as shown on the parental/F1 blot, the band migrating below this is the P band, and the smallest or fastest migrating band is a C 1 allele (Fig.   5B ). As shown in Table 2 , the backcross PC 2 x C 1 C 1 predicts the two classes C 1 P and C 1 C 2 that result from this suggested scoring.
DISCUSSION
Successful genetic linkage analysis requires the availability of polymorphic mapping markers. A recent screening of our Bombyx early follicular cDNA library identified 19 codominant restriction fragment length polymorphisms (RFLPs) in three sets of mapping populations comprised of reciprocal backcross and F2 progeny. In addition, because different banding patterns were observed between the F2 and backcross progeny for several individual Rcf hybridization probes, autoradiographic patterns were classified into two major classes: those producing 'simple' polymorphic patterns (SPPs), and those producing 'complex' polymorphic patterns (CPPs). The complex polymorphic patterns were further subdivided into two subclasses: (i) polymorphic bands containing an extra fragment not immediately recognizable as the expected segregated C or P phenotype but likely to have originated as an additional allele in the C108 parent, and (ii) multiple banding patterns that were scored reliably as a C, P, or F genotype.
The two parental strains, C108 and p50, were originally chosen for this project because of known differences in morphological characteristics and developmental traits, a long history of being easily reared under laboratory conditions, and for having been inbred over many generations to substantial genetic homozygosity. Nevertheless, the backcross populations, which were expected to score only 2 predicted phenotypes (the recurrent parental or the F1 hybrid), revealed that the parental stock C108 harbored a previously undetected level of genetic variation at a number of loci. In this study, approximately 30% of our isolated Rcf probes detected a second C-specific allele limited to the P/C x C/C backcross DNAs. Characterization of the resulting hybridization patterns for these probes identified two allelic C phenotypes, C 1 and C 2 , and the single P phenotype. Theorized P/C x C/C allelic crosses are presented in Table 2 that predict the progeny classes observed in offspring segregating the extra C-specific allele. Although results suggestive of genetic variation in the parental C108 strain were found because the allelic variation was limited to one strain, C108, and not shared by homologous loci in p50, we have demonstrated that these probes remain viable genetic mapping markers and that their usefulness for linkage mapping has not been reduced between these two laboratory populations. If scoring difficulties do arise, it is possible to further confirm the analysis by comparing the data to the reciprocal backcross progeny or to the F2 data. The presence of the extra allele initially confounded the scoring of the P/C x C/C backcross DNAs; however, several strategies were applied to resolve their final characterization. For example, several probes detected the extra allele when screened against a specific set of digested DNAs (e.g., EcoRI) but lacked the extra allele when scored against differently digested DNAs (e.g., PstI) of the same individuals. Because scoring for a given probe is expected to be identical between differently digested DNAs for a single individual, it was possible to confirm the extra allele doublet as a C phenotype and the progeny segregating both a C and a P phenotype as the F phenotype. In many cases this scoring was further confirmed when linkage to other markers was detected with both backcross and F2 populations. A second approach for identifying the extra allele was by fragment size. The approximate size or molecular weight of the polymorphic bands was scored from the parental/F1 blot and then used as a comparison to identify and characterize the new allele from the expected P and C bands.
The allelic variation found in the C108 genome was an unexpected and interesting find. One explanation may be a result of its status as a 'genetically improved' strain, which has a history of artificial selection and hybrid matings between progeny possessing economic and morphological traits of interest. Although these artificial matings alone may suffice to explain introduced variation, it is also plausible that the mating process increased fitness for a number of desired traits or phenotypes favoring their selection for future matings. Because many of the economic traits of interest, such as silk yield and quality, growth rate, number of eggs per laying, hatching rate, and survival, are most likely under quantitative or polygenic control, a large number of new alleles may have been introduced to the stocks. From population genetic theory, inbreeding, coupled with migration of new alleles, small population size, and viability selection, will maintain allelic variation at a given locus regardless of linkage (Hartl and Clark, 1989) .
It is also possible that spontaneously occurring genetic events may be responsible for producing or maintaining the levels of genetic variation observed in the C108 strain. For example, the Bombyx genome contains a large number of retroposon elements such as Bm1 and Bm2 (Adams et al., 1986; Eichbush, 1995) and retrotransposable elements such as mag (Michaille et al., 1990; Garel et al., 1994) , K1.4 (Ueda et al., 1986; Tamura et al., 1993) , and BmC1 (Ogura et al., 1994) . Not only is it very likely that these transposable elements contribute to the levels of polymorphism detected between the two parental strains, it is also plausible that they are in part a mechanism for introducing the detected levels of allelic variation found specific to this C108 mapping population.
It has been demonstrated by Regier et al. (1978) that differences in electrophoretic mobilities of silkworm chorion proteins result from differences in their primary structure. Previously, while examining the electrophoretic mobilities of numerous chorion proteins, Goldsmith and Basehoar (1978) reported evidence suggestive of low levels of heterozygosity specific to C108, a laboratory race largely believed at the time to be homozygously inbred. At that time, however, the authors were unable to rule out the possibility that the responsible genes had been either deleted or were not expressed. To the best of our knowledge, we do not believe that the topic of maintained heterozygosity in inbred silkworm races has been revisited since this information was last presented. We believe that we now provide genetic evidence for maintained polymorphic loci in the inbred race C108. We also believe that this may explain the protein level variants first described by Goldsmith and Basehoar (1978) although we do not have formal evidence linking our presently described Rcf probes to the chorion protein variants described previously. Work addressing this goal is presently in progress.
